We hypothesized that normotensive sepsis affects the ability of the microcirculation to appropriately regulate microregional red blood cell (RBC) flux. An extensor digitorum longus muscle preparation for intravital study was used to compare the distribution of RBC flux and the functional hyperemic response in SHAM rats and rats made septic by cecal ligation and perforation (CLP). Using intravital microscopy, we found that sepsis was associated with a 36% reduction in perfused capillary density (from 35.3±+1.5 to 22.5±1.0 capillaries/mm of test line) and a 265% increase in stopped-flow capillaries (from 0.9±0.2 to 3.3±0.4 capillaries/mm); the spatial distribution of perfused capillaries was also 72% more heterogeneous. Mean intercapillary distance (ICD) increased 30% (from 25.7±0.8 to 33.5±1.6 ,um), and the proportion of capillary pairs with intercapillary distances > 33.8 ,um (the 75th percentile of ICDsHAM) was greater with sepsis. Mean capillary RBC velocity increased 17% in CLP rats (391 vs 333 ,um/s). Laser Doppler flowmetry was used to assess the functional hyperemic response of the extensor digitorum longus muscle before and after a period of maximal twitch contraction designed to increase oxygen demand. RBC flux was 36% lower in the CLP rats at rest. After contraction, RBC flux increased in both SHAM and CLP rats; however, the relative increase was less in the CLP group. We concluded that sepsis affects the ability of the skeletal muscle microcirculation to appropriately distribute RBC flux and to respond to increases in oxygen need. (J. Clin. Invest. 1994. 94
Introduction
Although an increase in systemic and regional oxygen delivery (QO2) usually accompanies the hyperdynamic circulatory response seen in early sepsis, there remains evidence that sepsis is associated with a defect in tissue oxygen utilization (1) (2) (3) . Sepsis increases tissue oxygen consumption (VO2) in the whole body and in individual organs (2, 4) , yet a state of "pathologic" supply dependency (a condition where oxygen consumption is limited despite normal or high levels of oxygen delivery) has ence of an elevated arterial lactate (3, 6) . These abnormalities suggest the presence of an inefficiency in peripheral oxygen use that could be explained by a sepsis-induced maldistribution of oxygen delivery at the microregional level. This latter process could lead to microregional areas of hypoxia and may explain the presence of widespread microscopic areas of patchy tissue injury reported in animal models of sepsis (7, 8) . The progression of this injury pattern may contribute to the pathogenesis of multiple organ dysfunction syndrome (MODS),' a complication of sepsis (9) .
Maldistribution of tissue oxygen delivery may result from changes in the normal pattern of microvascular perfusion. Previous studies, which have used in vivo microscopy techniques to study changes in the microcirculation with sepsis, have examined the arterioles and venules rather than the capillaries which are the primary exchange vessels for waste products and metabolites, including oxygen. For example, Cryer and co-workers (10, 11 ) have shown that during the hyperdynamic state after an acute infusion of either live Escherichia coli bacteria or endotoxin, first and second order arterioles constrict, while third and fourth order arterioles dilate and venular diameters remain unchanged. Baker and co-workers (12, 13) reported that infusing endotoxin restricts red blood cell (RBC) flow by causing arteriolar constriction and increased RBC transit time relative to plasma transit time. It has also been demonstrated in sepsis that the arterioles have impaired reactivity (14) (15) (16) (17) and that endogenous vasodilators are necessary for the maintenance of arteriolar RBC flux (18) . What net effects these changes have on RBC flux through the capillaries and, therefore, on the distribution of oxygen in the tissues is unclear.
We hypothesized that sepsis disrupts the ability of the capillary network to appropriately control RBC flux within the parenchyma of organs remote from the site of infection. The objective of this study was to use an in vivo skeletal muscle preparation to describe the changes induced in its capillary network by cecal ligation and perforation (CLP) in a rat model of sepsis. We used intravital videomicroscopy to observe the distribution of (a) perfused capillaries, and (b) red blood cell velocities (VRBc). We also used laser Doppler flowmetry to (a) document the red blood cell flux (QRBc), and (b) to measure the functional hyperemic response to experimentally induced muscle twitching. This study is unique for two reasons. First, it used a subacute model of sepsis that closely reproduces the clinical situation, and, second, it directly examined the effects of sepsis on the distribution of red blood cells in the capillaries.
Methods
Animal preparation. After a 1-wk period of acclimatization to the laboratory, male Sprague-Dawley rats (350-400 g) underwent preparatory surgery under general anesthesia with isoflurance ( 1-2%) and oxygen. A venous catheter (PE-50; Clay Adams, Parsippany, NJ) was advanced into the superior vena cava through the right external jugular vein. A specially constructed combination arterial catheter (PE-50; Clay Adams) and thermocouple microprobe (IT-21; Physitemp, Clifton, NJ) was advanced to the ascending aorta by way of the right carotid artery. All catheters were tunneled subcutaneously to the interscapular region and attached to a swivel harness (Harvard Instruments, St. Laurent, Quebec, Canada). The rats were then randomized to (a) the SHAM group where a sham laparotomy was performed, or (b) the CLP group where an intraperitoneal focus of infection was induced by cecal ligation and perforation (19) . Briefly, this latter procedure entailed a midline laparotomy incision followed by the identification, devascularization, and ligation of the cecum just distal to the ileocecal valve. The cecum was then punctured twice with an 18-gauge needle, the bowel returned to the peritoneal cavity, and the incision closed with 2-0 silk. All rats were allowed to recover from anesthesia and had free access to rat chow and water. Rats in both groups received an intravenous bolus of 0.9% saline (2 ml/100 g) followed by fluid resuscitation with 0.9% saline (1 ml/100 g per h) and analgesia with fentanyl (1 ,ug/100 g per h). Arterial catheter patency was maintained by a continuous infusion at 0.5 ml/h of 0.9% saline containing heparin (1 U/ml).
Experimental protocol. 24 h after preparatory surgery, a baseline study was performed with the rats awake. Core body temperature (TEMP) was measured with the thermocouple microprobe. Mean arterial pressure (MAP) and central venous pressure was measured using disposable transducers (Uniflow; Baxter Healthcare Corp., Toronto, Ontario, Canada) and a display monitor (78353B; Hewlett-Packard Co., Mississauga, Ontario, Canada). The heart rate was determined from a recording of the arterial pressure trace. Cardiac output (CO) was measured by thermodilution using 200 ,ul of room temperature 0.9% saline injected through the venous catheter and a cardiac output computer (Cardiotherm 500 AC-R; Columbus Instruments, Columbus, OH); the CO was determined in triplicate and then averaged. Blood samples were withdrawn for measurement of hemoglobin (Hb), white blood cell count and differential, arterial serum lactate (LACT), arterial pH, arterial CO2 tension (PaCO2), arterial 02 tension (PaO2), and arterial 02 saturation (SaO2).
The rat was then reanesthetized with isoflurane (SHAM 1.5%, CLP 0.9% [20] ), oxygen (percentage varied to maintain PaO2 90-100 mmHg), and nitrogen by mask. The rat was transferred to the stage of an intravital microscope (ELR; Leitz, Scarborough, Ontario, Canada) with a heating pad (K20C; American Medical System, Cincinnati, OH) maintained at 37°C. The rat was then placed on its left side, and the right hind limb was held up by a clamp support attached to the microscope stage. The extensor digitorum longus (EDL) muscle was then carefully surgically exposed and prepared for intravital study as described previously by our group (21) . The preparation was allowed to stabilize for 30 min before the microcirculation was studied.
Intravital videomicroscopy followed by laser Doppler flowmetry studies were then performed. (23) . The output of this device is in arbitrary laser Doppler flow (LDF) units (volts).
The fiber optic probe from the flowmeter was placed 1 mm above the surface of the EDL preparation, and a stable baseline rest measurement of LDF was taken. This was repeated at two other sites, and the three values were averaged to obtain a mean LDFpRE that represented the muscle QRBc at rest. The EDL muscle was then stimulated at [4] [5] V to contract at 6 Hz for 1 min with a pulse stimulator (S88; Grass 2 ). Fig. 3 shows the frequency distribution of CDpjuR for SHAM and CLP groups; not only were the means of the two groups different but the CV for the CLP group was 72% greater than the SHAM group. Qualitatively, precapillary arterioles and postcapillary venules in CLP rats appeared to be perfused as in SHAM rats. The mean ICD was 30% larger in the CLP rats than in the SHAM rats (33.5±1.6 vs 25.7±0.9 /tm; P = 0.001), while the CV was 27% larger in the CLP rats (Fig. 4) . There was also a significantly greater proportion of capillary pairs with an ICD > 33.8 Hm (the ICD75 in SHAM rats) in the CLP rats (39.2%; x2,P=0.0001).
The mean VRBc (319±41 vs 325±30 ,Lm/s; P = NS) and the CV (200±39 vs 300±51%; P = NS) were not different between the SHAM and CLP groups when velocities from all capillary types were included. However, when only perfused capillaries were analyzed, (Fig. 5 ) the mean VRBC was increased in the CLP group compared with the SHAM group (391±16 The data from the baseline awake study in SHAM (n = 7) and CLP (n = 8) rats are presented in Table I . When compared with the SHAM rats, the CLP rats showed a significant decrease of 4.3% in TEMP, a 70% decrease in polymorphonucleocyte count, a 61% decrease in lymphocyte count, and a 114% increase in arterial LACT. There were no significant differences between groups in MAP, cardiac index (CI), arterial pH, and pCO2.
With the induction of general anesthesia, there was a significant decrease in MAP (Fig. 1) in both the SHAM and CLP groups (ANOVA, P = 0.001); however, a group-specific interaction with the anesthetic was not found as the MAP for both groups of rats decreased to the same extent and remained above 100 mmHg. Anesthesia did not significantly alter the CI or LACT. All the MAP, CI, and LACT subsequently remained unchanged in both the SHAM and CLP groups throughout the remainder of the 4-h study period. (Fig. 6) . After muscle stimulation, LDFPOST was increased in both the SHAM and CLP groups but increase in the CLP group was less than in the SI when the difference in baseline LDF was taken i (ANCOVA, P = 0.006). The (19) . Rats in the CLP group exhibited changes over time that were consistent with the .ge.tia development of sepsis. They were hypothermic, leukopenic, and ygen utlixza-had elevated arterial lactates when compared with the SHAM tn of oxygen rats. Of particular note, the CLP rats remained normotensive tissue injury and were not hypodynamic. Therefore, this model meets criteria consistent with the diagnosis of chronic, resuscitated sepsis (6, 25) . It is unlike models of septic shock in which hypotension or decreased cardiac output may confound the interpretation of events in the microcirculation (26) . Our model also permits time for evolution of the septic response (27) , a feature lacking SHAM from previous studies that reported the acute effects of a bolus CLP or infusion of endotoxin or bacteria. As well, none of our rats were artificially ventilated and all had normal arterial pH, pCO2
and PO2, other factors that are also known to affect the functioning of the microcirculation in skeletal muscle. Although anesthetics are also known to affect the circulatory system, the use of such an agent during the study was unavoidable. The only significant effect found after anesthesia was a minor decrease in blood pressure; however, the rats remained normotensive, and the changes were similar in both the SHAM 245 295 and CLP groups. In an earlier study, we did not find any significant effect of this anesthetic regimen on blood flow to the CLP rats. The gastrocnemius muscle (28 it was the best characterized tissue in our laboratory and in the literature. We recognized that the behavior of the microvasculature in this tissue may not be representative of the microcirculation of other tissues, however, we have subsequently found similar changes with sepsis in the microcirculation of the small bowel mucosa (29) .
Intravital videomicroscopy. We found that sepsis was associated with a significant decrease in the density of RBC perfused capillaries (CDpER). Our finding agrees with a recent report from Boczkowski and co-workers (30) who also employed intravital microscopy to study microcirculatory responses in a rat model of sepsis. They found a decrease in the percentage of perfused capillaries in the diaphragm of endotoxin-treated rats. However, they did not address any sepsis effects on the heterogeneity of capillary blood flow. As well, Barroso-Aranda and co-workers (31) showed a decrease in the number of carbonperfused capillaries in histological samples of myocardium from an acute endotoxin-shock rat model of sepsis. Finally, a morphologic study by Drazenovic and co-workers (17) demonstrated a decrease in the number of functional capillaries in gut mucosa of anesthetized, endotoxin-shocked dogs. Although these latter three studies were unable to differentiate the individual effect of sepsis on the microcirculation from that of hypotension, our study suggests that abnormalities in the microcirculation can arise independent of the presence of shock. Although in part due to an increase in the density of stoppedflow capillaries (CDsTop), this decrease in CDpER was primarily due to a decrease in the density of total capillaries (CDTOT). The mechanisms underlying these findings are unclear. Although an increase in CDsTop has been reported previously in a model of ischemia-reperfusion, a decrease in the total number of capillaries was not a feature of this model (32) . There are a number of potential mechanisms in sepsis that may contribute (most likely in combination) to the increase in CDSTop we observed, including: (a) capillary endothelial cell injury and swelling resulting in a decrease in luminal cross-sectional area (33) and increase in resistance to flow; (b) reduced RBC fluidity resulting in an increase in blood viscosity (12, 34); (c) leukocyte plugging of capillaries (31); and (d) leukocyte adhesion in postcapillary venules (35, 36) resulting in an increase in capillary outflow resistance and reduced RBC shear rate, which are important determinants of capillary RBC flow (37) .
The decrease in CDTOT that we observed was likely due to an increase in nonperfused (plasma and cells) capillaries and/ or plasma-only perfused capillaries. These capillary sub-types would not have been found by our method since it relies on the identification of RBCs for the detection of capillaries. NonetheIFigure 6. RBC flux before and during the recovery phase after electrical field stimulation of the EDL muscle in SHAM and CLP rats. The RBC flux was significantly lower in the CLP rats at the PRE time period (P = 0.001). It increased significantly in both the SHAM and CLP rats after twitch stimulation (P < 0.001), however, the SHAM 900 S rats had a relatively greater increase (ANCOVA, P = 0.006). The lines were computer fitted.
less, neither of these capillary subtypes would be carrying RBCs and, therefore, would contribute negligibly to oxygen delivery in the muscle. These nonperfused capillaries most likely developed as a result of the same mechanisms as discussed above for the stopped-flow capillaries. It was also possible that the decrease in CDTOT was secondary to an increase in true intercapillary distance due to the presence of interstitial edema. However, our recent study in skeletal muscle provided evidence against edema as the cause (38). Despite the changes in arteriolar diameter and reactivity shown by Cryer and co-workers (10, 11) , it is important to note that our observed loss of functional capillaries appeared to involve individual capillaries. Thus, random individual capillaries seemed to be affected as opposed to a bed of capillaries related to a single arteriole or venule. The aforementioned study by Barroso-Aranda and co-workers (31) also showed a lack of obstruction in the arterioles and venules. This loss of functional capillaries appeared to be an all-or-none phenomenon. We failed to find a difference in the density of intermittently perfused capillaries (CDINTER), whereas an increase would have been expected if the injury was on a continuum. This is in contrast to a study by in a skeletal muscle model of ischemia-reperfusion that showed that the number of intermittently perfused capillaries increased after injury. This discrepancy could be explained by the differences in the time point at which the animals were studied. They studied their animals 7 d after a defined period of injury, while our rats were studied after 1 d of an evolving injury. We may have allowed less time for recovery of capillary RBC perfusion.
Not only was CDpER decreased, but the distribution of the remaining RBC-perfused capillaries was also affected by sepsis. This was reflected by an increase in the coefficient of variation of CDPER (CVCD) which represents an increase in the spatial heterogeneity of CDpER. In other words, there was increased variability in mean capillary density between fields in CLP rats while all fields were similar in SHAM rats. Spatial heterogeneity of microvascular flow is thought to be an important physiological parameter determining the efficiency of exchange of materials between blood and tissue (39) . (This increased heterogeneity in CDpER provided further evidence against edema as the major contributing factor to the decrease in CDTOT. Edema would result in a more uniform, rather than heterogenous, change in CDpE.)
The corollary to a decrease in capillary density is, of course, an increase in ICD. Therefore, it was not surprising that we found. an increase in mean ICD and an increase in the CVICD with sepsis. Were the greatest ICDs wide enough to increase oxygen diffusion distances to the point where tissue hypoxia would result? Observations made in malignant tumors have shown that intercapillary distances > 76-134 im would be required before cellular hypoxia would arise (40) . This value was derived from three dimensional histologic cross-sections of tissues and cannot be applied to our data directly since we were looking at two dimensional surface projections of the capillary networks which would make apparent distances smaller. Nevertheless, from the data for Fig. 4 , we estimated that in the SHAM rats only 1.2-0% of the ICDs were greater than the above quoted values, respectively, while in the CLP rats 6.8-1.6% were greater. Therefore, there were microregions in the septic rats with ICDs wide enough to result in a greater likelihood of developing hypoxia.
VRBC is another variable that contributes to the efficiency of oxygen delivery to the tissues. Although it is dependent on multiple factors, optimal oxygen off-loading in skeletal muscle is achieved within a narrow range of VRBC (41) . In the present study, the mean VRBC of the EDL muscle was no different in the CLP rats when compared with the SHAM rats, but this was primarily due to an increase in the number of stopped-flow (0 mLmls) capillaries. This lack of change in VRBC was consistent with the reported lack of change in blood flow in skeletal muscle with sepsis (42) . However, when only RBC-perfused capillaries were analyzed, sepsis was associated with an increase in the mean VRBC. This change could be compensatory since it would increase the bulk oxygen delivery per unit of time; however, excessively high VRBC could also result in microregional areas of hypoxia secondary to nonoptimal oxygen off-loading times.
It has been estimated that the lower bound for the residence or transit time of an RBC through a capillary should be no less than 0.04 s (43) . This is the minimum time required for the RBC oxygen saturation to fall from 80 to 30% if the tissue oxygen saturation were 0%. The actual transit time needed to unload this much oxygen would be significantly longer in vivo since tissue oxygen saturation levels are higher than 0%. We could not measure the RBC transit times in our study since our methodology did not allow us to see complete arteriovenous units. However, some video fields did contain complete capillary beds. From these, we estimated that the mean arteriovenous length was 415±20 pm in the SHAM rats and 444+16 ,um in the CLP rats (difference not significant). These values are in agreement with values reported in other rat muscles (44) . Using these average lengths and the average velocity in the upper quartile of each group, the average transit time of the fastest traveling RBCs was estimated as 0.6 s in the SHAM rats and 0.5 s in the CLP rats. Both of these values are well above the minimum value; however, a small percentage of VRBCS in the CLP group had exceptionally high values (> 2,500 gm/s) which yields transit times on the order of 0.15 s. These values could potentially be critical in the animal.
Could some of these "high velocity" capillaries be acting as "peripheral shunts"? It has been postulated that some of the peripheral inefficiency in oxygen use in sepsis may be due to the presence of tissue arteriovenous shunts, but these have never been proven. In our study, the presence of higher RBC velocities may contribute to the decreased oxygen extraction and increased mixed venous oxygen saturation seen with sepsis, but it appears that the maldistribution of RBC flux shown by our data may be more important.
Laser Dopplerflowmetry. At rest, LDFpRE was significantly lower in the CLP group when compared with the SHAM group, suggesting impairment of QRBC by sepsis. This was consistent with the finding of decreased perfused capillary density from the intravital videomicroscopy portion of the study. Other models of sepsis have often used radioactive microspheres for the measurement of blood flow to the skeletal muscle of the hind limb and have variably shown flow to decrease (45) or not change (46) with sepsis. These differences may have been due to differences in technique such as whether the animals were anesthetized or awake. The awake state could affect the amount of muscle activity and, therefore, blood flow.
After electrical field-stimulated contraction of the EDL muscle, LDF increased in both the CLP and SHAM groups, however, the peak hyperemia (LDFpOST) was significantly lower in the CLP group. This was not due to a low resting blood flow but to a truly depressed response in sepsis. There was also a trend for the time constant of decay (T), a measure of how quickly the LDF returns to resting levels, to be increased with CLP, although it did not reach statistical significance due to a lack of statistical power. This would suggest an impaired ability of the EDL microcirculation to recover from the applied stress. These findings are consistent with studies in humans that have used impedance plethysmography to measure reactive hyperemia after a transient period of forearm ischemia (47, 48) .
The significance of the depression in the functional hyperemic response seen in the CLP rats is unclear. It could represent an impaired ability of the microvasculature to respond to a local increase in oxygen demand through a failure to increase perfused capillary density or reduce flow heterogeneity. In addition, Cryer and Garrison (49) have shown that first to fourth order arterioles have altered vascular reactivity in an endotoxemia model of sepsis. This combination of defects may impair the ability to increase oxygen delivery to the tissues in response to an increase in demand. This may predispose the tissue to the development of hypoxia, particularly in the presence of the pathologic oxygen supply dependency associated with sepsis (2, 5) .
The heterogeneous distribution of capillary RBC flux and the increase in the proportion of large intercapillary distances that we have observed could be responsible for an inappropriate distribution of oxygen within the EDL muscle in sepsis. This in turn may lead to microregional areas of hypoxia which may potentially be the underlying cause of the parenchymal cell injury seen in MODS. From the current study, however, we were unable to determine whether these observed alterations actually produced cellular injury.
In summary, sepsis impairs skeletal muscle microvascular perfusion by decreasing the density of perfused capillaries, increasing the spatial heterogeneity of perfused capillaries, increasing the proportion of widely spaced capillaries, increasing RBC velocity, and by impairing its reactive hyperemic response. We speculate that these changes may lead to the development of microregional areas of hypoxia, which in turn may cause parenchymal cell injury. This may be an underlying mechanism for the development of multiple organ dysfunction.
